ABSTRACT
INTRODUCTION
Advances in computer-aided design/computer-aided machining technologies have facilitated the manufacture of zirconia prostheses. 1 However, a durable bond strength between zirconia-based materials and resin cement has proven to be difficult. 2 This is related to the glass-free composition structure characterizing zirconia as an acid-resistant material. 3 Clinically, the most frequently reported complications of zirconia-based ceramics are chipping of veneering porcelains and loss of retention. 4, 5 A strong and durable bond to zirconia ceramic can be achieved either by mechanical and/or chemical bonding of resin cement to zirconia surface. 6, 7 Many surface bond strength of tribochemical silica-coated surfaces decreased after forceful water stream, ultrasonic cleaning, and water-mist spraying. [20] [21] [22] As for chemical bonding, many studies reported that using primers and resin cement based on 10-methacryloyloxydecyl dihydrogen phosphate (MDP) monomer increased bond strength. 23, 24 They are considered as materials of choice for cementation of indirect alumina and zirconia restorations, since MDP monomer bonded directly to metal oxides and the phosphoric-acid groups of MDP can react with the oxide layer on the zirconia surface. 25, 26 It was also shown in previous studies that the creation of a micro-retentive surface is an important factor for achieving strong and durable adhesion, and promotes as well the chemical reaction with MDP monomer. 27, 28 Furthermore, the combination of air abrasion and resin cement containing MDP monomer increases the bond strength to zirconia 29, 30 and decreases the hydrolytic degradation due to aging. 31 Surface treatments that were not commonly investigated are the modification of the zirconia surface in the presintered or partially sintered phase.
Surface treatment of presintered zirconia represents a simple and time-saving method. 32 Monaco et al 33 found
that abrasion of presintered zirconia specimens resulted in rougher surfaces, and that the monoclinic phase associated with the abrasion was completely transformed to the tetragonal state during the subsequent sintering step. A recent study found that sandblasting of zirconia before sintering is a useful method to increase surface roughness. 34 Conversely, Moon et al 35 reported that there was no significant difference in surface roughness between the groups abraded before and after sintering. The aim of the present study was to investigate the effect of APA on presintered zirconia on surface roughness, zirconia grain size, t-m phase transformation, and the effect of these parameters on the bond strength of zirconia to resin cement. The null hypothesis tested was that there was no significant difference between the different surface treatments.
MATERIALS AND METHODS

Specimen Preparation
Zirconia blocks used in this study were partially sintered 3 mol% Y-TZP (Zenostar ZR bridge, Wieland, Ivoclar Vivadent, Schaan, and Liechtenstein) ( Table 1) . Thirtyfive specimens were prepared out of the zirconia block using a low-speed diamond disk (Buehler, Lake Buff, Wisconsin, USA); each sample was 4 mm in height, 10 mm in width, and 10 mm in length. Samples were polished with silicon carbide grit papers (Grit flex, Italy) #800, 1000, 1200, 1500, and 2000 to ensure identical initial roughness. This was done by analyzing three AFM images for surface RA. Another 14 zirconia slabs were prepared for surface roughness, zirconia grain size and t-m phase transformation analysis before final sintering, half of 14 samples were taken from the zirconia block surface as received from the manufacturer without any treatment or cutting (C1), and the other half were taken from the samples that were polished with silicon carbide paper before sintering (C2). After sintering, all samples were cleaned in 99% isopropanol using an ultrasonic cleaner for 10 minutes and left to dry at room temperature for 24 hours. Two samples from each group were selected for XRD analysis and SEM, the rest of samples were used for surface roughness and grain size analyses using AFM.
Microstructural Analysis
X-ray Diffraction
The surface of the samples was evaluated using an XRD device (D8 Focus, Bruker ASX GmBH, Karlsruhe, Germany). The surfaces were scanned from 5° to 80° using 2θ diffractometer and copper X-unit (Cu-Kα radiation) 0.02° step scan, at 1 second step intervals. X-ray diffraction was used to determine monoclinic phase transformation. The calculation of the mass fraction of monoclinic phase (X m ) was based on Gravies and Nicholson's method, 36 using the maximum intensities of the reflexes:
where X m is the mass fraction of monoclinic phase, I m (−111) and I m (111) are the intensities of monoclinic peaks, and I t (111) is the intensity of tetragonal peak. Monoclinic phase volume percentage (V m ) was calculated using Toraya et al 37 formula:
Atomic Force Microscopy AFM (Agilent 5420 SPM/AFM, Agilent Technologies, Santa Clara, California, USA) analysis was performed in contact mode to detect and observe morphological changes on zirconia surface due to the different surface treatment methods, as well as to measure the surface roughness and grain size. A total of five samples for each group were used for roughness analysis (Ra), each sample was measured four times at different locations, and the mean value was calculated. The mean grain size was measured by Gwyddion software (http:// gwyddion.net), by analyzing 25 AFM images, for each group of five images ( Fig. 1 ).
SEM and Surface Elemental Analysis (Energy-dispersive X-Ray)
Two samples from each group were selected randomly: Gold sputtered (Sputter Coater 108 Auto, Cressington Scientific Instruments, Watford, UK) and examined using SEM (AIS2100C, Seron Technologies, ASI2100, Gyeonggi-Do, Korea) at ×1000 to 3000× magnification and 20 kV. Energy-dispersive X-ray (EDX) was also performed (AMETEK with EDAX Detector).
SBS of Resin Cement
Preparation of Composite Cylinders
A Plexiglas mold was fabricated to construct 15 composite resin cylinders (Filtek P60, 3M-Espe, Saint Paul, Minnesota, USA) of 5 mm diameter and 4 mm in height.
The composite was packed inside the mold and light cured using a halogen light (Elipar Free Light 2 LED, 3M-Espe) for 40 seconds on the top, then 40 seconds on the bottom surface of the resin cylinders. The cylinders were then taken out of the mold and an additional 40 seconds irradiation was performed on two opposite sides.
Shear Bond Testing
A ceramic primer (Clearfil, Kuraray, Noritake, Japan) was applied in a thin layer on the surface of the zirconia sample using a microbrush, then dispersed using dry air for 2 seconds, and was left to react on the zirconia surface for 180 seconds. Dual-cured resin cement (Panavia F2.0, Kuraray) was mixed and applied directly onto zirconia surface following the manufacturer's instructions. The composite cylinders (5 mm diameter and 4 mm height) were seated on the zirconia surface, and a fixed 500 g load was applied for 10 seconds perpendicular to the surface of the composite cylinder using a custom-made device, and excess material was immediately removed using a microbrush. Light polymerization followed laterally at the interface area for 40 seconds from three different directions. The bonded samples were mounted on a universal testing machine (YL-UTM Main, YLE GmBH, Bad König, Germany). A uni-bevel chisel-shaped indenter was used to direct the shearing force as close as possible to the zirconia composite interface at a crosshead speed of 1 mm/min until failure occurred. The load was recorded in Newton and converted to mega pascal by dividing it by the surface area.
Statistical Analysis
The data were collected and grouped for statistical analysis using a statistical software package (Statistical Package for the Social Sciences, version 23, USA). A one-way ANOVA was conducted to evaluate the null hypothesis, followed by post hoc tests for multiple comparison Tukey's test, with the p-value ≤ 0.05. The mean grain size and surface roughness of the samples selected for shear bond testing were correlated to the SBS values using Pearson's correlation analysis.
RESULTS
X-ray Diffraction Analysis
The monoclinic phase volume and percent in different groups are shown in Table 2 . The relative monoclinic phase of the C1 was 0.15% and became X m = 0.17% after sample preparation and standardization of the surface by grit paper. After sintering, the X m percent of group I was 0.01%. After surface treatment and sintering, the X m percent of groups III through V became 0.01%, for group IV it was 0.03%, but for group II, X m was 0.07% (Graphs 1 and 2). Graph 1: X-ray diffraction analysis of the studied groups, the monoclinic humps observed in presintered samples III1 and III2, after sintering of III2, the humps disappeared (group I)
Surface Roughness
The value of Ra (μm) was chosen as the indication of surface roughness. Rougher surfaces were indicated by the higher Ra value. The lower mean Ra value was for the control group (I), followed by group II. The highest Ra value was for group III, followed by groups IV and V. There was a significant difference between groups I, III, IV, and V. There was a significant difference between group II and groups III and V, and there was a significant difference between groups III, I, II, and IV (Table 3) .
Grain Size Evaluation
The AFM image showed that the groups treated before sintering had a clear grain distribution and borders, while the group treated after sintering by Al 2 O 3 particles showed a barely visible grain shape and boundaries. For group V, treated with ceramic powder, it was different from other groups, since the grain boundaries were more visible as shown in Figure 1 and the grains were bigger in size than all other groups. There was a significant difference between groups I and IV; II and III; III and IV; and III and V (Table 3) .
Scanning Electron Microscopy and Energy-dispersive X-ray
The topography of the sandblasted zirconia surfaces observed by SEM varied according to the preparation protocol. The ceramic powder particles that were used before sintering in group V had a nondestructive effect and yielded a uniform rough surface with fine microretentive grooves, whereas the surface treated with 50 μm Al 2 O 3 (group III) appeared with round edges and deep depressions that were caused during the sandblasting of the presintered material. The glass beads that were used in group IV seemed to have a chipping effect, but with lower surface destruction. The surface that was treated with 50 μm Al 2 O 3 after sintering exhibited less intense grooves with sharp edges (Fig. 2) . The EDX of group I showed zirconia with very small amount of silicium and aluminum, while group II showed zirconia and bigger amount of aluminum. In contrast, groups III, IV, and V that were abraded before sintering showed only zirconia (Graph 3). Table 3 summarizes the means and standard deviation (SD) of SBS values. The highest value was for group II followed by groups III, IV, and V. The significant difference 
Bond Strength Testing
DISCUSSION
The null hypothesis was rejected as the result of this study revealed that the surface treatment of presintered zirconia had a significant effect on surface roughness, grain size, and bond strength to resin cement. This study showed that abrasion before sintering yielded significantly higher surface roughness values than abrasion after sintering. This was in agreement with Monaco et al 33 who reported that the Ra values of the samples treated before sintering were higher than those of samples treated after sintering, and the Ra values of all abraded groups were higher than that of the control group. This may be due to the impact energy of abrasive particles on soft presintered zirconia, which lead to change in surface morphology. A previous study confirmed that air abrasion performed before sintering using 50 μm Al 2 O 3 provided the highest Ra value, while air abrasion performed after sintering had the lowest Ra value. 38 This was also confirmed in this study, in which group III provided the highest Ra value (0.11 μm).
Graph 3A to D: Energy-dispersive X-ray of groups I to III and V: surface elemental analysis of surfaces abraded with Al 2 O 3 showed impacted alumina particles only on zirconia surfaces of group II Conversely, those results were not in agreement with Moon et al, 35 who used 50 μm Al 2 O 3 for sandblasting after sintering and 70 μm Al 2 O 3 for sandblasting before sintering to compensate the sintering shrinkage, and they stated that there was no significant difference in Ra values between the two groups. However, in this study despite using the same particle size before and after sintering, results revealed a higher surface Ra for group III treated before sintering than group II treated after sintering with a significant difference. This could be due to the larger amount of surface zirconia grains that was removed by APA in presintered soft zirconia as compared with what would be removed in sintered hard zirconia. This could be controlled by abrasion time, pressure, and particle size and shape, as observed in groups IV and V, in which the use of smaller particle size in group V created a surface roughness value significantly greater than the control group, as well group IV that was abraded with glass beads which created a surface roughness value significantly greater than control group and lower than group III. The SBS results of the present study showed that all groups have higher bond strength value than the control group which is only polished and received no surface treatment, and the significant difference was between control group and groups II, III, and IV; this might point out to the fact that the surface treatment applied can influence the topography of zirconia surface and consequently the bond strength. This is in agreement with Ferreira Silva et al 39 and other studies that stated that micromechanical retention is an important factor for achieving strong and durable adhesion. 27, 28, 40 In the present study, the combination of mechanical surface treatment (APA with Al 2 O 3 ) and chemical surface treatment by primer (MDP-based primer and cement) increased the bond strength. These results are in accordance with studies that stated that the combination of air abrasion and resin cement containing MDP monomer increases the bond strength to zirconia, 29, 30, 41, 42 this could be explained by the increase in surface Ra, that subsequently increase the surface area of bonding, and improving wettability, in addition to the phosphate monomer that reacts with oxides on the zirconia surface and increases bond strength. 25, 43 The highest SBS value was for group II that was abraded after sintering, this may be due to the surface roughness created as a result of APA after sintering that was not affected by sintering temperature, whereas in other groups that were abraded before sintering, the created surface roughness which is the imprint of abraded particles shape was changed and lost a part of its surface roughness characteristics during the sintering process. The increase in grain size and sintering shrinkage that happened as a result of the sintering process are the two responsible factors. 44 This was confirmed through the correlation done between Ra and grain size, in which a positive correlation exists in groups III, IV, and V. It revealed that the increase in surface roughness led to an increase in grain size.
Retamal et al 45 stated that ceramics do not exhibit allotropic phases and that their super-plastic properties can be explained by grain boundary sliding of plane interface and grains gliding on each other keeping a compact structure. Under this assumption, accommodation can only be produced by volume change of the grain themselves. 46 This was observed in our study in group V that showed the highest grain size value and second higher Ra value, but it had the lowest SBS value, and since this group abraded with the smallest particle size, the grooves and pits created by air abrasion were lost by the increase in grain size as a result of sintering process, and subsequently the bond strength was decreased.
For group IV, the SBS value was the same as group III with no statistical significance, despite the fact that group IV had a lower Ra value. The reason for lower Ra value could be due to abrasive particle shape used; inasmuch as it exerts a compressive effect rather than abrasive effect, and thus the increase in size during sintering 44, 46 subsequently increased the surface area of bonding, therefore it could be the reason for increased SBS value. This is confirmed by the negative correlation between Ra and SBS, which reveals that the increase in surface Ra leads to decrease in SBS; this also was observed in group V which had a surface Ra value greater than group IV and had a bond strength value smaller than group IV.
Whereas for group III that was abraded with particles greater than those used in group V, it had the higher surface roughness value than other groups, therefore, it preserves a part of surface Ra during sintering, since the increase in grain size is temperature dependent. 44, [47] [48] [49] Therefore, the increase in grain size will stop as the maximum sintering temperature is reached. This will explain the higher SBS value for group II when compared with other presintered groups, in which this group still has a larger surface area of bonding than other groups.
The AFM image observation could support our explanation as well, in which the grain boundaries were evident in groups III, IV, and V, whereas in group II appeared with barely visible grain shape and boundaries.
Consequently, we can say that the factors that affect the surface roughness before sintering and subsequently the bond strength are the increase in grain size and the abrasive particles shape and size.
Results of this investigation were in agreement with a study that stated a statistically significant difference for presintered zirconia regarding the bond strength, 50 whereas was not in agreement with Abi-Rached et al, 38 which stated that the lowest bond strength value for the group abraded before sintering was due to its higher surface roughness value, which probably impaired the wettability of the zirconia by the resin cement.
The SEM analysis showed that groups III and V had round edges with elevations and depressions, while group II showed a surface with sharp edges. This was in agreement with studies that stated that the samples abraded before sintering have blunt and melted-round surfaces, whereas sandblasting after sintering showed surface with coarse and needle-like rough surfaces. 33, 38 The crystalline structures of the presintered samples by XRD showed that the relative monoclinic phase of C1 was 0.15%, after surface polishing with silicon carbide paper; relative monoclinic phase of C2 became 0.17%. After sintering, the relative monoclinic phase of group I was 0.01%. This was in agreement with other studies which stated that zirconia before sintering consisted both tetragonal and monoclinic phases, 32,51 while it was not in agreement with Moon et al, 35 they found a 100% tetragonal phase in presintered zirconia. This may be due to the type of zirconia used in those studies. The relative monoclinic phases of groups III, IV, and V were 0.01, 0.03, and 0.01% respectively, while for group II that was abraded after sintering, the relative monoclinic phase was 0.07%. Those results revealed that we have a reverse transformation for all groups after sintering and another t-m phase transformation for group II after sintering. This transformation may be attributed to the stress generated on zirconia surface by APA.
Many recent studies investigated the effect of APA on t-m phase transformation 9, 11, 52 and its association with the generation of residual compressive stresses, which stated that APA in short term will increase the strength of zirconia, but in long term it could be detrimental to the restoration due to the defects and low-temperature degradation suffered by zirconia. [53] [54] [55] [56] Regarding the residual stress, and if it could be considered as a positive or negative attribute for zirconia after surface treatment, previous studies stated that the hump observed after cutting or surface grinding of TZP ceramics has been related to the formation of orthorhombic or rhombohedral phase 57, 58 or lattice distortion. 59 Both of them resulted from the presence of residual stress. As well residual compressive stresses can be detected by analyzing the ratio of the intensity peaks I (0 0 2) t/I (2 0 0) t. It thus suggests that the residual stress is large enough to induce lattice distortion. An increase in the (002) peak intensity and a simultaneous decrease in the (200) peak intensity after surface grinding is presented as evidence of the existence of ferroelasticity in tetragonal zirconia, 60 indicating that the domain reorientation had occurred at the tip of an advancing crack that represents an additional energy-absorbing mechanism and serves to increase fracture toughness. 61 In this study, the hump at the left and right shoulder of (1 11) t peak was present in C1, and in C2 before sintering, and more prominent in group II after sintering. The ratio was only increased in the group treated after sintering B (0.8), and remained the same for the groups abraded before sintering (0.63) except for group IV, it was 0.72, whereas there was no increase in the (002) t peak intensity and a simultaneous decrease in the (200) t peak. The increased ratio of group IV could be due to the shape of abrasive particles used, as well as the impact of abrasive particles on the hard surface of group II abraded after sintering, introduced a level of compressive stresses, but the hump at the left shoulder of (1 11) t peak was not confirmed to be an evidence for the presence of residual stress that induces lattice distortion or ferroelasticity in tetragonal zirconia. It is, therefore, a t-m phase transformation, since impaction energy of abrasive particles did not reach a level to induce a large compressive stress. This finding is supported by morphological SEM analysis that showed no marked cracks, and EDX analysis that revealed the presence of impacted alumina particles only in group II. Our results were not in agreement with Monaco et al, 33 who found a lattice distortion of the tetragonal phase, as evidenced by the increase in (0 0 2) peak intensity and simultaneous decrease in that of the (2 0 0) peak. Since the ratio of C2 before sintering was not changed after sintering, despite the use of grit paper for polishing, and the ratio of other groups was the same as the control despite the use of air abrasion, therefore, we can state that all the groups abraded before were approximately free of residual stresses, as most of the stress that could be generated as a result of air abrasion was released after sintering.
CONCLUSION
Within the limitations of this study, air abrasion before sintering appears to be a valuable method for increasing surface roughness and SBS while maintaining crystallographic conformation. The SBS in groups III and V reported promising results, and further testing should be performed to confirm or otherwise infirm. The abrasive particles size and type used before sintering had little effect on zirconia monoclinic phase, and the resulting material after sintering was zirconia in the tetragonal phase. Surface roughness before sintering and subsequently the bond strength are greatly affected by the increase in grain size and the abrasive particles' shape and size.
